Abstract Bitumen is a viscoelastic material that exhibits both elastic and viscous components of response and displays both a temperature and time dependent relationship between applied stresses and resultant strains. In addition, as bitumen is responsible for the viscoelastic behaviour of all bituminous materials, it plays a dominant role in defining many of the aspects of asphalt road performance, such as strength and stiffness, permanent deformation and cracking. Although conventional bituminous materials perform satisfactorily in most highway pavement applications, there are situations that require the modification of the binder to enhance the properties of existing asphalt material. The best known form of modification is by means of polymer modification, traditionally used to improve the temperature and time susceptibility of bitumen. Tyre rubber modification is another form using recycled crumb tyre rubber to alter the properties of conventional bitumen. In addition, alternative binders (synthetic polymeric binders as well as renewable, environmental-friendly bio-binders) have entered the bitumen market over the last few years due to concerns over the continued availability of bitumen from current crudes and refinery processes. This paper provides a detailed rheological assessment, under both temperature and time regimes, of a range of conventional, modified and alternative binders in terms of the materials dynamic (oscillatory) viscoelastic response. The rheological results show the improved viscoelastic properties of polymer and rubber modified binders in terms of increased complex shear modulus and elastic response, particularly at high temperatures and low frequencies. The synthetic binders were found to demonstrate complex rheological behaviour relative to that seen for conventional bituminous binders.
Introduction
In the measurement of the physical properties of bitumen, primary emphasis is generally given to the characterisation of the rheological behaviour of the material. In this context, rheology is defined as the study of the deformation or flow properties of materials whether in liquid, melted or solid form, in terms of the materials' elasticity and viscosity (Ferry 1980; Barnes et al. 1989) . In terms of its rheology, bitumen can be classified as a thermoplastic, viscoelastic liquid that behaves as a glass-like elastic solid at low temperatures and/or during rapid loading (short loading times -high loading frequencies) and as a viscous (Newtonian) fluid at high temperatures and/or during slow loading (long loading times -low loading frequencies). As a viscoelastic material, bitumen exhibits both elastic and viscous components of response and displays both a temperature and time dependent relationship between applied stresses and resultant strains. The rheology of bitumen is consequently defined by its stress-strain-time-temperature response. However, within the linear viscoelastic (LVE) region of response, the interrelation between stress and strain is influenced by temperature and time alone and not by the magnitude of the stress (i.e. deformation at any time and temperature is directly proportional to the applied load) (Van der Poel 1954).
Various techniques exist to measure the rheological properties of bituminous binders, including; transient (creep) shear test methods using sliding plate rheometers (Gaw 1978; Griffin et al. 1956 ), capillary forced flow rheometers (Schweyer et al. 1976 ), cone and plate viscometers (ASTM 1986) , and annular shear configurations (Ferry 1980) . However, these traditional methods are often conducted in the non-linear flow region and are therefore difficult to characterise in the laboratory or to model in practical engineering applications . Therefore, dynamic oscillatory testing using a dynamic shear rheometer (DSR) is the preferred means of measuring the rheological, viscoelastic properties of bituminous binders generally within the region of linear response (Airey and Brown 1998; Goodrich 1988; Pink et al. 1980) .
One of the primary analytical techniques used in analysing dynamic oscillatory data involves the construction of master curves using the interrelationship between temperature and frequency (time) to produce a continuous rheological parameter curve at a reduced frequency or time scale. The principle used to relate the equivalency between time and temperature and thereby produce a master curve is known as the time-temperature superposition principle 3 (TTSP) or the method of reduced variables (Ferry 1980) . The production of a smooth, continuous master curve generally relies on the bitumen exhibiting simple rheological behaviour, termed or classified as 'thermo-rheological simplicity'. Work by various researchers, has found that there is an interrelationship between temperature and frequency (or temperature and loading time) for bitumen, which, through shift factors, can bring measurements done at different temperatures to fit one overall continuous curve at a reduced frequency or time scale (Dickinson and Witt 1974; Goodrich 1991; Monismith et al. 1966) .
The paper aims to use the above mentioned rheological testing techniques (dynamic oscillatory testing) and analytical methods to provide a detailed evaluation of the rheological response of a range of binders. This has been achieved by comparing the viscoelastic rheological properties of a range of modified and synthetic binders to those of conventional penetration grade bitumens. The polymer modified bitumens have included both elastomeric and plastomeric polymers while two types of crumb tyre rubber have been used in the tyre rubber modified binders. The synthetic binders have consisted of a range of acrylate based polymer binders produced using two polymerisation methods (atom transfer radical polymerization and catalytic chain transfer polymerization) as well as a number of synthetic binder -penetration grade bitumen blends. The rheological (viscoelastic) properties were determined by means of dynamic (oscillatory) mechanical analysis using a dynamic shear rheometer and presented in the form of temperature and frequency (time) dependent rheological parameters.
Materials

Standard penetration grade bitumen
Five standard penetration grade bitumens have been included in the testing programme. The five bitumens were produced by blending a hard (10/20 penetration grade) bitumen and a soft (160/220 penetration grade) bitumen (both from the same crude source) to produce the following binders: These five unmodified binders have been used in the paper to provide a standard rheological reference for the modified (polymer and tyre rubber) and synthetic (polyacrylate) binders.
Their conventional binder properties of penetration (BS EN 1426) and softening point (BS EN 1427) were determined in order to group them into the different binder grades.
Polymer modified bitumens
The polymers traditionally used for bitumen modification can be divided into two broad categories of plastomers and elastomers. In terms of their definitions, plastomers modify bitumen by forming tough, rigid, three dimensional networks to resist deformation, while elastomers have a characteristically high elastic response and, therefore, resist permanent deformation by stretching and recovering their initial shape. Globally, approximately 75 percent of modified binders can be classified as elastomeric, 15 percent as plastomeric with the remaining 10 percent being either rubber or miscellaneously modified (Bardesi et al. 1999; Diehl 2000) . Examples of plastomers used in bitumen modification include polyethylene, polypropylene, polyolefins and polyvinyl chloride. Within the elastomeric group, styrenic block copolymers have shown the greatest potential when blended with bitumen (Bull and Vonk 1984) . Other examples of elastomers used in bitumen modification include natural rubber, polybutadiene, polyisoprene, isobutene isoprene copolymer, polychloropren and styrene butadiene rubber.
The plastomeric polymer used in this study was the semi-crystalline copolymer, ethylene vinyl acetate (EVA) containing 20% vinyl acetate with a melt index of 20 (EVA 20/20) (Airey 2002a) . EVA polymers have been used in road construction for over 30 years in order to improve both the workability of the asphalt during construction and its deformation resistance in service (Cavaliere et al. 1993; Goos and Carre 1996; Loeber et al. 1996) . The EVA PMB included in this paper consisted of 7% EVA by mass in a 70/100 pen bitumen prepared with a Silverson high shear laboratory mill at a temperature of 185C until steady state conditions were achieved (Airey 2002a) .
combine both elastic and thermoplastic properties, can be produced by a sequential operation of successive polymerisation of styrene butadiene styrene (SBS) (Bardesi et al. 1999 ).
Alternatively, a di-block precursor can be produced by successive polymerisation of styrene and the mid-block monomer butadiene, followed by a reaction with a coupling agent (Whiteoak 1990 ). Therefore, not only linear copolymers but also multi-armed copolymers (known as star-shaped, radial or branched copolymers) can be produced. The structure of an SBS copolymer therefore consists of styrene butadiene styrene tri-block chains, having a twophase morphology of spherical polystyrene block domains within a matrix of polybutadiene (Isacsson and Lu 1995) . SBS copolymers derive their strength and elasticity from physical cross-linking of the molecules into a three-dimensional network. The polystyrene end-blocks impart the strength to the polymer while the polybutadiene, rubbery matrix mid-blocks give the material its exceptional elasticity. The effectiveness of these cross-links diminishes rapidly above the glass transition temperature of polystyrene (approximately 100°C), although the polystyrene domains will reform on cooling restoring the strength and elasticity of the copolymer (Isacsson and Lu 1995) .
The elastomeric polymer used in this study was a linear styrene butadiene styrene (SBS) copolymer 'Finaprene 502' with 31% styrene content (Airey 2003) . The SBS copolymer was used with the 70/100 pen bitumen to produce a SBS PMB with a polymer content of 7% by mass. Similar to the EVA PMB, the SBS PMB was prepared with a Silverson high shear laboratory mill at 185C until steady state conditions were achieved. The two PMBs are labelled simply as 'EVA PMB' and 'SBS PMB' in the subsequent tables and figures.
Tyre rubber modified bitumens
The use of tyre rubber (TR) as a bitumen modifier in asphalt pavements started over 170 years ago with the use of natural rubber (Heitzman 1992 In this study, two types of TR were used with a 35/50 pen bitumen at 18% rubber content by mass of bitumen (15.25% by mass of total blend) based on previous studies (Celauro et al. 2012; Lo Presti and Airey 2013; Wang et al. 2012) . The two types of TR consisted of a standard recycled rubber derived from discarded truck and passenger car tyres and produced by ambient grinding to produce a fine (< 1mm) powder (labelled as TRN). The second product consists of 100% recycled truck tyres (which by nature have a relatively high content of natural rubber) together with a special oil and Fischer-Tropsch (FT) wax component (labelled as TRW) (Subhy et al. 2015) . Both TR modified binders were produced using a 
Synthetic polyacrylate binders
Most adhesives and binders, including bitumen used in asphalt pavements, are derived from fossil fuels. However, it is possible to produce alternative binders such as bio-binders, soybean oil, palm oil, vegetable oil, engine oil residue, grape residues, swine waste and pyrolized materials from non-fossil fuel based resources or waste products (Airey and Mohammed 2008; Peralta et al. 2012) . In terms of the bio-binder alone various natural resources are available such as agricultural crops, municipal wastes, agricultural and forestry byproducts, sugar, molasses and rice, corn and potato starches, natural tree and gum resins, natural latex rubber and vegetable oils, lignin, cellulose, palm oil waste, coconut waste, etc. (Peralta et al. 2012) . Fast pyrolysis has also been successfully used to produce bio-binders from oakwood, switchgrass and corn stover bio-oils (Raouf and Williams 2010) . Chailleux et al. (2012) successfully used some residues of microalgae to produce microalgae-based road binders, while Wen et al. (2012) used waste cooking oil to produce bio-binders and Fini et al. (2011; carried out studies on the use of bio-binder made from swine manure.
In this paper, two processes, atom transfer radical polymerization (ATRP) and catalytic chain transfer polymerization (CCTP), have been used to produce a range of non-fossil fuel based polyacrylate binders (Airey and Mohammed 2008; Airey et al. 2011) . ATRP is a method of controlled free radical polymerization widely used for academic and laboratory scale studies (Kato et al. 1995; Wang and Matyjaszewski 1995) . The process consisted of the polymerization reaction in the bulk (i.e. in the absence of solvent) which is then quenched at a predefined time by diluting the resulting reaction mixture with tetrahydrofuran. Finally the polymeric product can be collected via precipitation of this solution in hexane (Airey and Mohammed 2008) . In this study ATRP was used to synthesize three acrylic polymers, polyethyl acrylate (EA), polymethyl acrylate (MA) and polybutyl acrylate (BA). By conducting the polymerizations in this manner, isolation of the polymeric materials (EA, MA and BA) was successfully achieved.
Although ATRP allows very fine control over the polymers molecular weight (Mwt) and polydispersity index value (PDI) such that targeted molecular weights can be obtained with a high degree of consistency, it is currently not a commercially viable process, as it requires considerable quantities of the metal complexes which result in the need for additional clean up stages for the materials produced. For that reason, a range of MA and BA binders were also produced using CCTP. This polymerization mechanism utilizes low spin cobalt complexes such as CoPhBF in ppm levels to exercise fine control over the molecular weight of the polymer (Gridnev and Ittel 2001) . Details of the homo-polymer synthesis of the MA and BA based binders as well as co-polymer synthesis of a MA-BA product can be found in Airey et al. (2011) .
In addition to the synthesised homo-polymer binders (EA, MA and BA) and the co-polymer (MA-BA), a synthetic binder -penetration grade bitumen blend was produced consisting of a 1:1 by mass blend of 70/100 pen bitumen with MA. Details of the production of the acrylatebitumen blend can be found in Airey et al. (2008a; 2008b) . In this paper the rheological properties of only one each of the homo-polymer MA and EA synthetic binders, the MA-BA co-polymer and the 1:1 by mass blend of 70/100 pen bitumen with MA have been included. 8
Rheological testing
Dynamic oscillatory testing
At present the most commonly used method of fundamental rheological testing of bitumen is by means of dynamic mechanical analysis (DMA) using oscillatory-type testing, generally conducted within the region of linear viscoelastic (LVE) response. These oscillatory tests are generally undertaken using dynamic shear rheometers (DSRs), which apply oscillating shear stresses and strains to samples of bitumen sandwiched between parallel plates at different loading frequencies and temperatures (Airey 2002a; Airey 2003; Goodrich 1988; Petersen et al. 1994 ).
The sinusoidally varying shear strain applied during the dynamic oscillatory test can be expressed as:
and the resulting stress as:
Where 0 is the peak strain, 0 is the peak stress (Pa),  is the angular frequency (rad/sec), t is time (seconds) and  is the phase angle (degrees). The loading frequency, , also known as the angular frequency or rotational frequency is defined as:
Where f is the testing frequency (Hz). The sinusoidally varying strain and stress can also be represented by the following complex notation as: 
The complex shear modulus (G*) is then defined as:
The above equation for the complex modulus can also be written as:
Where G* is the complex shear modulus (Pa), G is the storage modulus (Pa) and G is the loss modulus (Pa). The in-phase component of G*, or the real part of the complex shear modulus, is defined as:
and the out-of-phase component, or the imaginary part of the complex shear modulus, as:
The principal viscoelastic parameters that are obtained from the DSR are therefore the complex shear modulus (G*) and the phase angle (). G* is defined as the ratio of maximum (shear) stress to maximum strain and provides a measure of the total resistance to deformation when the bitumen is subjected to shear loading. It contains elastic and viscous components which are designated as the storage modulus (G) and loss modulus (G)
respectively. These two components are related to the complex modulus and to each other through the phase (or loss) angle () which is the phase, or time, lag between the applied shear stress and shear strain responses during a test as shown in equations 8 and 9. The phase angle, defined above as the phase difference between stress and strain in an oscillatory test, is a measure of the viscoelastic balance of the material behaviour. If  equals 90 then the bituminous material can be considered to be purely viscous in nature, whereas  of 0 corresponds to purely elastic behaviour. Between these two extremes the material behaviour can be considered to be viscoelastic in nature with a combination of viscous and elastic responses.
Sample preparation
Various geometries, such as cone and plate, parallel plates, and cup and plate, can be used in dynamic mechanical testing. For many materials cone and plate geometry is preferred as shear stress and shear rate are constant over the entire area of the plate, thereby simplifying calculations and giving accurate fundamental rheological properties. However, for bitumen testing parallel plate geometry is almost invariably used to avoid the very small gap present at the centre of the cone and plate geometry.
In general two testing (plate) geometries are commonly used with the DSR, namely a 8 mm diameter spindle with a 2 mm testing gap and a 25 mm diameter spindle with 1 mm testing gap. The selection of the testing geometry is based on the operational conditions with the 8 mm plate geometry generally being used at low temperatures (-5C to 20C) and the 25 mm geometry at intermediate to high temperatures (20C to 80C). However, it is possible to use the same testing geometry over a wide temperature range, although the precision of the results may be limited as a result of compliance errors and the reduction in precision with which the torque can be measured at low stress levels.
Two different sample preparation methods were used during this study. For the conventional penetration grade bitumens, EVA and SBS PMBs, and TR modified binders samples were prepared by means of a hot pour method, based on Method A of the IP Standard (Institute of Petroleum 1999), Methods 1 and 3 of the SHRP DSR Protocol (Petersen et al. 1994) and Alternative 1 of the AASHTO Standard TP5 (AASHTO 1994) . The gap between the upper and lower spindles of the DSR was set to a height of 50 m plus the required testing gap at the mid-point of the testing temperature range. Once the gap had been set, a sufficient quantity of hot bitumen (typically at 100C to 150C) was poured onto the bottom (lower) plate of the DSR to ensure a slight excess of material appropriate to the chosen testing geometry. The upper plate of the DSR was then gradually lowered to the required nominal 11 testing gap plus 50 m. The bitumen that was squeezed out between the plates was then trimmed flush to the edge of the plates using a hot spatula or blade. Finally, the gap was closed by a further 50 m to achieve the required testing gap as well as a slight bulge around the circumference of the testing geometry (periphery of the test specimen) (Airey and Hunter 2003) .
For the synthetic polyacrylate binders and the acrylate-bitumen blend, the DSR samples were prepared using either 8 mm or 25 mm diameter silicone moulds due to the small quantities of EA, MA and BA that were produced. The procedure used to prepare the samples for rheological testing is shown in Figure 1 . For the synthetic binders, samples were prepared by heating the binder to 150C for 15 minutes and then pouring the hot binder into 8 mm or 25 mm diameter silicone moulds as required. For the blend, the sample was heated to 160°C in its sample containers for at least 15 minutes in order to ensure that the material was liquid.
The blend was then mixed with a spatula to homogenise the material before pouring the blended binder into a silicone mould.
Both silicone moulds allow slightly more material to be placed in the mould than what is required in the final testing geometry (2 mm for the 8 mm geometry and 1 mm for the 25 mm geometry). This allowed sample discs of 2.5 mm thickness for the 8 mm diameter moulds and 1.5 mm for the 25 mm diameter moulds to be produced. Once the samples had cooled and solidified, they were removed from the moulds and placed on the lower (bottom) plate of the DSR. The upper plate of the DSR was then gradually lowered to the required testing gap plus 25 µm. The binder that was squeezed out between the plates was then carefully trimmed off from the edge of the plates using a hot blade to produce a smooth edge surface. Finally, the gap was closed by a further 25 m to achieve the required testing gap together with a slight bulge of squeezed out binder around the circumference of the testing geometry (periphery of the test sample) (Airey and Hunter, 2003) .
Experimental programme
The rheological properties of the binders were determined as functions of the oscillation amplitude of the upper plate (), the measured torque required to achieve the amplitude (M0), 12 and the phase lag or phase angle (). The storage modulus (G) and loss modulus (G) were then calculated according to the following equations:
where R is the plate radius and h is the gap between the parallel plates. The storage and loss modulus were then used to calculate G* for the different binders.
Two test types were performed on the conventional penetration grade bitumens, EVA, SBS and TR modified binders, and the polyacrylate synthetic binders. The first set of tests consisted of amplitude sweeps undertaken using stress sweeps at 10C and 1 Hz for the 8 mm testing geometry and at 40C and 1 Hz for the 25 mm testing geometry. The stress sweeps consisted of ramping the applied torque from its lowest level to either its highest level or to a point where the material had experienced significant mechanical damage. Extra stress sweep tests at 30C as well as different frequencies (0.1 and 5 Hz) were performed on the conventional bitumens. The stress sweeps were then used to determine the limit of the LVE response based on the point where complex shear modulus, G*, had decreased to 95% of its initial value as prescribed by Anderson et al. (1994) .
Once the linearity limits were established, the binders were subjected to dynamic oscillatory frequency sweeps at different temperatures performed within the region of LVE response.
The frequency sweep tests were performed under controlled strain loading conditions using frequencies between 0.1 to 10 Hz (0.01 to 15 Hz for the PMB binders) at 5C temperature intervals between 5 and 75C. In general, the tests between 5 and 35C were undertaken with the 8 mm diameter and 2 mm testing gap geometry and from 40 to 75C with the 25 mm diameter and 1 mm testing gap geometry.
The rheological properties of the binders were analysed in terms of their complex shear modulus (G*) and phase angle () at different temperatures and loading frequencies. A 13 combination of rheological master curves at a reference temperature of 25C, isothermal and isochronal plots, Black diagrams and shift factor functions were used to model and represent the rheological behaviour of the various binders with the rheological data being compared to conventional penetration grade bitumen.
Linear viscoelastic rheological characterisation
Thermo-rheological simplicity
The dynamic oscillatory rheological data generated from the DSR frequency sweep tests were plotted in the form of Black diagrams for the selected binders analysed in this study. Plots of two of these binders have been shown as illustrations of the different types of rheological behaviour. Figure 2 shows the Black diagram produced for the methyl acrylate synthetic binder (MA), while Figure 3 show the rheological data for the 7% EVA PMB. Black diagrams (complex shear modulus versus the phase angle) can be successfully used to assess the "thermo-rheological simplicity" and application of time-temperature superposition principle (TTSP) of different binders (Airey 2002b) . As the plot allows all the oscillatory dynamic data to be presented in one graph without the need to perform TTSP manipulations of the raw data, it provides a useful check of time-temperature equivalency (Airey 2002b; Soenen et al. 2006) . A smooth set of black curves indicates the establishment of timetemperature equivalency, while a disjointed curve indicates the breakdown of TTSP, usually associated in bitumen with the presence of either high wax content, asphaltene structuring or polymer modification Planche et al. 1996) .
The Black curves for MA in Figure 2 show the smooth overlap of rheological data derived from the frequency sweeps at temperatures between 5 and 60C. Similar smooth Black diagram plots were produced for the conventional penetration grade bitumens as well as the other acrylate binders and synthetic polymer-bitumen blends. These different binders together with synthetic polymer MA can therefore be considered to be thermo-rheologically simple with the ability to apply time-temperature shifting to produce master curves at a selected reference temperature. The elastomeric SBS PMB and TR MBs showed a slight disruption to the smoothness of the Black curves. However, using the concept of "Partial TimeTemperature Superposition Principle" (PTTSP) introduced by , it is still 14 possible to produce a unique and continuous master curve for the norm of the complex shear modulus.
However, the Black curves for the EVA PMB in Figure 3 show a clear discontinuity between the rheological data produced at different testing temperatures between 10 and 75C. These discrete curves within the intermediate temperature and frequency range (centre of the Black space) are the result of the semi-crystalline nature of the EVA polymer and the compatibility between the polymer and base bitumen. The Black diagram clearly illustrates the lack of thermo-rheological simplicity for the EVA PMB and therefore the inability of the rheological data to be shifted through time-temperature superposition to produce continuous rheological master curves (Airey 2002b) . Similar Black diagrams were produced for the remaining EVA PMBs although the severity of the discontinuity between rheological data at different temperatures decreased for the lower EVA content binders (Airey 2002a ).
Time-temperature superposition
Following the Black diagram checks, the rheological data were plotted in the form of isothermal curves and shifted according to TTSP (method of reduced variables) or PTTSP to produce continuous rheological master curves for those binders demonstrating thermorheological simplicity (all rheological parameters) or partial thermo-rheological simplicity (master curves for the norm of the complex shear modulus). An example of the generation of the G* master curve for one of the conventional penetration grade bitumens (70/100 pen) is shown in Figure 4 . The smooth, continuous nature of the master curve and the ability of the individual isotherms to shift to form the master curve indicates the applicability of TTSP and the accepted 'thermo-rheological simplicity' of conventional bitumen ). Figure 5 shows the generation of the phase angle master curve for the EA synthetic polymer selected in this paper using isothermal plots produced at 15 temperatures between 5 and 75C. Similar to the complex modulus isothermal curves in Figure 4 , the phase angle isotherms have been successfully shifted (isotherms below the reference temperature of 25C
shifted to the right and those above the reference temperature of 25C shifted to the left) to form a smooth continuous master curve. Although the resulting phase angle master curve for EA differs from the relatively simply response associated with penetration grade bitumens, the smooth nature of the master curve and the ease of overlap of the isotherms supports the thermo-rheological simplicity of this and the other polyacrylate binders.
Shift factors
The horizontal shifting used to produce master curves is based on the equivalency between frequency (time) and temperature. The temperature dependency of the rheological behaviour is represented by shift factors and expressed as:
where aT is the shift factor, f is the tested frequency and fr is the reduced frequency at an arbitrarily chosen reference temperature, which in the case of the penetration grade bitumens, PMBs, CR MBs and synthetic polymers is 25C.
The experimentally determined shift factors associated with the horizontal TTSP shifting of the rheological parameters (G*, G, G and ) can be modelled using an Arrhenius equation of the following form (Ferry 1980) :
where R is the universal gas constant, H is the flow activation energy and T0 is an arbitrarily selected reference temperature, taken to be 25C (298 K) in this study. If log aT is plotted against the reciprocal of temperature (in K), then the activation energy for each of the binders can be determined from both the slope (s) and intercept (i) of a linear fit to the data using the following equations (Daga and Wagner 2006) :
accepted that the higher the activation flow energy, the higher the chain stiffness (McKee et al. 2005) . The activation energies for all the binders included in this paper are presented in 
2011).
It is also possible to model the experimentally determined shift factors using a Williams Landel Ferry (WLF) equation (Williams et al. 1955 ): Figure 6 for a standard 70/100 pen bitumen, the 7% SBS PMB, the TRN MB using granulated crumb rubber, the synthetic MA binder and the co-polymer MA-BA:
The constants c can then be calculated with respect to the reference temperature from the slope and intercept of the straight line described in equation 17 as follows:
and
The data in Figure 6 show that, similar to the (Ferry 1980) , the results in Figure 6 and Table 1 show an improved fit for the WLF equation The accuracy of the Arrhenius and WLF equations relative to the experimentally determined shift factors for the standard 70/100 pen bitumen is shown in Figure 7 where the WLF equation provides a slightly better fit to the experimental shift factor data compared to the Arrhenius equation. This behaviour agrees with that generally found for petroleum bitumens where two fits are usually needed due to the thermo-rheological complexity and bimodal rheology of bitumen (Lesueur 1999) . For bitumen, the WLF equation is preferred at temperatures above the Tg of the binder (temperatures of 5C to 80C used in this study), while the Arrhenius equation is more applicable at temperatures below Tg and at high temperatures in the Newtonian region of rheological behaviour (Kriz et al. 2008 ). However, the figure does still show that over the temperature range used in this study it is still acceptable to use the Arrhenius equation as an alternative to the WLF equation. The 2S2P1D Model consists of seven parameters and G* is calculated based on the following expression:
where k and h are exponents with
, α is a constant, G0 is the static modulus when ω  0, Gg is the glassy modulus when ω   . The value of β is a constant and defined by the following expression:
where η is Newtonian viscosity and τ is the characteristic time, a function of temperature. τ evolution can be approximated by a shift factor law such as the WLF and Arrhenius equations in the range of temperatures observed in the laboratory (Delaporte et al. 2007 ):
It has to be emphasised that this model only needs seven parameters to entirely determine the rheological properties of materials. However, G0 for bitumens is commonly very close to zero and therefore the parameters can be reduced to six. In addition to the prediction of G*, the phase angle, δ, can be determined as:
where G' and G" are storage and loss moduli. conducted dynamic tests on nine binders and four asphalt mixtures (with one mixture design). They found that the model fitted the experimental data reasonably well, even though anomalies were still seen particularly for the phase angles between 50 to 70 o .
The predicted complex modulus master curves in Figure 8 show the accuracy of the 2S2P1D model for the penetration grade bitumens. These predicted master curves will therefore be used as a standard bitumen rheological reference when comparing the time dependent behaviour of the other binder groups in Figures 10 and 12 . However, there is some discrepancy between the 2S2P1D model prediction and the test data for the phase angle master curves in Figure 9 for all five bitumen grades. This lack of fit between experimental data and model prediction is similar to that highlighted in previous studies Pellinen et al. 2007 ). Notwithstanding these slight discrepancies, the 2S2P1D phase angle master curve predictions have still been used in In terms of the detailed rheology, there are subtle differences between the four modified binders in Figure 10 with the EVA PMB showing the occurrence of 'branching' at low frequencies, due to the semi-crystalline nature of the plastomeric EVA co-polymer, unlike the smooth master curves produced for the other three binders (Airey 2002a) . For the SBS PMB and crumb rubber MBs (all essentially elastomeric materials), there is a similarity in their rheological performance with all showing increased complex shear modulus (stiffness) at low frequencies as a result of the dominant polymer and rubber networks present in the modified binder (Airey 2003; Subhy et al. 2015) .
The phase angle master curves in Figure 11 show the viscoelastic properties of the SBS PMB Figure 12 shows that the MA homopolymer is approximately equivalent to the 'hard' bitumen, EA is similar to the 'soft' (160/220 pen) and MA-BA tends to vary from one extreme to the other (hard to soft) depending on the loading frequency.
The viscoelastic response of all four binders (as represented by the  master curves in Figure   13 ) show a double transition from increasing elastic response at low to intermediate frequencies, followed by an increase in viscous response from intermediate to high frequencies and then a further switch to increasing elastic response at high frequencies. This viscoelastic response differs from the relatively simple response associated with road 23 bitumens, which consists of a continuous transition from viscous response at low frequencies to elastic response at high frequencies.
Although the rheological profiles of the synthetic polymers are similar, there is a distinct difference between the position of the complex modulus and phase angle master curves of the MA based synthetic polymer compared to the MA-BA co-polymer and EA homo-polymer. In general, MA-BA demonstrated a 'softer' more viscous behaviour as shown by a lower complex modulus master curve in Figure 12 and the position of the phase angle master curve to the right of the MA master curve in Figure 13 . This rheological behaviour is expected due to the presence of the lower viscosity butyl acrylate (23%) in the co-polymer. At the same time EA showed an even lower complex modulus master curve in Figure 12 and a more viscous behaviour in Figure 13 . This 'softer' rheological behaviour was also confirmed by the lower values of H for MA-BA and EA compared to MA in Table 1 .
The results show that it is possible to produce a range of synthetic polyacrylates with different rheological responses by altering the reactant type, reactant concentration and polymerization conditions to match the rheological properties of road bitumens. All the polyacrylate binders showed a similar rheological profile with a unique viscoelastic response as represented by the phase angle master curves together with an upper limiting stiffness and intermediate temperature/frequency 'plateau' region as shown in the complex modulus master curves. The results of the rheological examination of the binders showed that the key material property that influenced the performance of the polyacrylates in these specific application tests was the type of acrylate polymer. Previous studies have also show that glass transition temperature rather than molecular weight also plays a significant role in the rheological performance of these polyacrylate binders ).
Temperature dependent behaviour
It is arguably more desirable to relate the physical and physicochemical properties of the modified binders and synthetic polymers to their rheological properties as a function of temperature rather than frequency (or time). This can be accomplished by transposing the time dependent rheological data to temperature dependent data using the master curves and shift factor functions. To undertake this task, the WLF equation with fitted EA, have the same complex modulus. In terms of the PMBs this is expected as the base bitumen used to produce these binders was a 70/100 pen bitumen while TRN MB was produced with a 35/50 pen bitumen. Although MA has the same stiffness as the 70/100 pen bitumen at 20°C, it is significantly stiffer at both lower and higher temperatures, while EA is considerably softer at low temperatures compared to the other binders.
The phase angle isochronal plots in Figure 16 show the significant difference in viscoelastic response for the different binders. As highlighted in the phase angle master curves, the polymer and rubber modified binders together with the polyacrylate MA binder all show an increased elastic response (lower phase angles) at high temperatures compared to the 70/100 pen bitumen. However, the considerably softer EA polyacrylate binder shows a similar highly viscous response (phase angles of 90°) at high temperatures to that of the penetration grade bitumen.
4.6 Rheological fingerprinting
Black diagrams can be considered as rheological 'fingerprints' for different binders and have been used in Figure 17 to provide a convenient method of comparing all four categories of binder used in this study (standard penetration grade bitumen, polymer modified binders, tyre rubber modified binders and synthetic polyacrylate binders). The Black curves in Figure 17 clearly show the similar nature of the two polyacrylate binders with the curves for MA and EA overlapping in the centre of the plot. As expected the harder MA is positioned at the top of the graph (higher complex shear modulus values) while EA displays lower complex modulus values and increased viscous response.
The effect of SBS modification on the rheological parameters (complex modulus and phase angle) is shown in Figure 17 with the increased elastic response at low complex modulus values clearly evident in the Black curves. The clear shift of TRN MB to lower phase angles (improved elastic response) compared to the standard bitumen is evident in the typical 3-shape curve associated with rubberised binders (Subhy et al. 2015) .
Conclusions
A range of conventional penetration grade bitumens, elastomeric and plastomeric polymer modified bitumens, tyre rubber modified binders and synthetic polyacrylate binders have been subjected to a detailed rheological study. These different types of binder (conventional, modified and synthetic) have undergone dynamic oscillatory testing using a DSR and rheological analysis using complex shear modulus and phase angle master curves, isochronal plots and Black diagrams to provide a detailed evaluation of the rheological response of these binders.
Some of the key findings from the study include: 
